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Abstract

Introduction

The application of recombinant DNA and related
techniques to plants opened up the potential to
improve agronomic characters. food processing traits
and food quality properties of plants as food sou rces.
This review focuses on molecular approaches to
improving the protein quality and reducing flatulence
in beans. Much is now known about the regulation of
seed-specific expression and organization of seed
storage protein genes. Several attempts have been
made to increase the methionine content of tobacco
seeds using heterologous seed protein genes from
peas, common bean and soybean. Such techniques
could also be used to modify lysine, tryptophan and
threo nine contents in cereals and legumes. Our
knowledge of the biosynthetic pathways for raffinose
oligosaccharides allows addressing the problem of
flatulence in bean consumption and elucidating the
role of these oligosaccarides in plant biology through
molecular techniques.
With the rapid progress being made in gene
cloning and transformation methods in plants. our
knowledge of basic plant metabolic processes could
be the limiting factor in improving plants as food
sources through molecular strategies.

My purposes in this review are to discuss the
rationale for improving the nutritional quality of
legume proteins and reducing flatulence in legumes
through genetic engineering, and point out recent
developments in molecular biology of seed
development and plant biotechnology that I thi nk are
relevant to this goal. Since this is not meant to be a
comprehensive review, the reader is referred to more
complete reviews on biochemistry and molecular
biology of seed proteins written in the last seven
years (Higgins, 1984; Shewry and Millin , 1984; Croy
and Gatehouse, 1985; Casey eta/. 1986; Gatehouse
eta/. 1986; Goldberg , 1986 ; 1988; Goldberg eta/.
1989; Shewry eta/. 1989).
Con tri butions of Legumes to the Human Diet
Seeds of cereals and legumes and their byproducts make up a major part of the human diet .
Although the worldwide production of grain legumes
is small compared to cereals, its relative contribution
to human nutrition is greater than its relative

production . Appro ximately 700 million people use
legumes as an essential part of their diet (Abbott,
1966). Legumes make up 9% of the total plant food
production in developing countries and serve as the
major source of proteins in the diet of a number of
countries (Toenniessen, 1985). The protein content
of legum es varies from 20-40 %. Legumes are
nutritionally limiting in methionine and cysteine
because their major storage proteins, th e globulins
(salt soluble fraction) are low in these amino acids
(Duffus and Slaughter. 1980; Gupta, 1983).
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Legumes also contribute indirectly to the human

diet through animal products which have replaced
plant foods in diets in the developed market
economies of the world .
Non- rumin ants and
intensive ly reared ruminants consume plant seeds
and their by-products supplemented with protein
concentrates processed from oil seeds. In addition.
the consum ption of vegetable oils and fats, mostly
derived from oilseeds accounts for 4-10% of the daily
per capita energy supply in the world (Duffus and
Slaughter, 1980). Soybean is the largest source of
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storage proteins of legumes have been intensively
studied. Logically, the seed proteins became the
focus of studies on plant gene expression because
they are abundant gene products th at accumulate
rapidly at midmaturation stage of seed development
and because much is known about their biochemical
and chemical properties as food proteins. The seed
proteins also offer to basic plant biologists a model
for temporal and tissue specific regulation during
seed developme nt. Consequently, the first plant
gene cloned and sequenced completely was that of
the French bean phaseolin and established the
presence of introns in plant genes (Sun eta/. 1981 ;
Slightom eta/. 1983).
Seed development begins after a double
fertilization process unique to angiosperms
(Raven et a/. 1987). One of the two sperms in
the pollen tube unites with the egg cell in the ovule to
form the diploid zygote that develops into the
embryo. The other sperm unites with the two polar
nuclei to form a triploid endosperm which provides
nourishment to the developing seed as well as the
germinating seedling. In legumes. the endosperm is
absorbed by the developing embryo while the fleshy
food-storing cotyledons develop. Thu s, in legumes,
the seed differentiates into two organ systems, the
axis and the cotyledons which have different
developmental pathways. The axis develops into the
roots, the stem and the leaves while the cotyledon is
a terminally differentiated organ that provides the
nutrients to the germinat ing seedling . In most
legumes, th e cotyledon makes up at least 80% of the
mature seed weight.
In cereals. the starchy
endosperm constitutes the major part of the seed.
The seed undergoes major and distinct
physiological processes during development
(Spencer and Higgins, 1982; Goldberg, eta/. 1989)
The early stages are characterized by cell
division followed by a phase of cell expansion in

vegetable oil in the world (Soya Bluebook, 1982).
A Utilization Perspective of Genetic
Engineering
The application of recombinant DNA techniques
and related methodologies to plants has opened up
the potential to improve agronomic characters, food
processing traits and food quality properties of plants
as food sources.
Th e rapid accumulation of
knowledge on gene expression processes in plants
in the last six years has given us an understanding of

structure, function and organization of plant genes
that has brought about some applications.
In the last six years, there has been a rapid
accumulation of knowledge on gene expression

processes in higher plants (Kuhlemei r et al. 1987;
Schell, 1987; Goldberg, 1986; Goldberg et a/.1989).
Much of this informatio n has been obtained from
genes that are intensively studied because they code
for abundant gene products. are inducible, and are
involved

in

unique

plant

processes

that

are

economically important.
During
seed
development,
prote i ns,
carbohydrates, lipids, vitamins, minerals and nonnutrients are laid down , leading to the uniq ue
chemical composition of plant seeds that determine
their

nutritional

and

functional

properties .

Understanding the molecular genetic mechanisms
by which photosynthetic assimilates are partitioned
into these components will allow the design of
genetic engineering strategies to improve the
usefulness of legumes as food sources. To narrow
down researchable topics, the approach we have
taken is to ask the question: What are the utilization
problems of legumes that can be addressed with
molecular techniques?
These problems and their possible causes are
summarized in Table 1. Low bioavailability of certain
essential amino acids, particularly methionine, low

which reserve synthesis and deposition occur.

Starch. proteins and lipids are synthesized at the cell
expansion stage in which DNA content also
increases. The last stage is characterized by a
decrease in RNA and protein synthesis, loss of water
and finally dormancy.
The synthesis of a number of seed storage
proteins is characterized by posttranslational
processing
including
glycosylation,
endoproteolylic processing and intracellular
transport (Higgins , 1984; Muntz, 1989)
The primary translation products have "signal

protein digestibility, and hard-to-cook phenomenon
are not well understood or are caused by a number

of factors which make them difficult to address with
molecular technique s (Bressani, 1983; Sgarbieri and
Garruti, 1986). In general, any utilization problem
related to a protein or a key enzyme in a metabolic
pathway should be researchable with molecular
techniques. Lipoxyg enases and protease inhibitors
are discussed in another review (de Lumen, 1990).
Our laboratory is focusing on the problems of
nutritionally incomplete protein and flatulence .

sequences" that are cleaved as the proteins enter the

lumen of the endoplasmic reticulum. Once inside the
endo plasm ic reticulum, the polypeptides may
undergo proteolytic cleavage, and in most cases are
transferred via the Golgi apparatus into the
membrane-bound protein bodies (Chrispeels, 1985).
Inside the protein bodies, the proteins aggre gate,
evidently determined by the primary structure of the
protein. A structural model for the 19 and 22 kD zein
proteins has been proposed (Larkins, eta/. 1984),
implying that certain critical sequences need to be
preserved for proper packaging in addition to

Molecular Biology of Seed Proteins
The seed proteins are classified into two major
classes. namely storage proteins and the
"housekeeping proteins." The storage proteins
which make up a considerable part of the total
protein, provide the germinating seed with carbon ,
nitrogen. sulfur and other nutrients while the
"housekeeping proteins" are necessary for the
normal metabolism of the seed.
Because of their economic im portance, the
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targeting signals for intracellular sorting.
The ma j or storage proteins in legumes and
cereals are coded by several homologous
mult l gene famil i es t hat vary in s i ze ,
o r ganizat i on and chromosomal locat i on
(Higgins. 1984; Kreis eta/. 1985; Casey eta/. 1986;
Gatehouse eta/. 1986; Elliston et al . 1988; Goldberg
eta/. 1989)
In peas, the 50 kD subunit of vicilin (7S) is coded
by at least 3 families with up to 6 members within
each family, indicating that as many as 18 genes
code for this subunit. At least 4 homologous genes
code fo r the 11 S proteins (legumin) of pea (Croy et
a/. 1982). The legumin (glycinin) subunits of
soybean are coded by 5 genes belonging to 2
subfamilies (Nielsen et a/. 1989). The 3 genes
belonging to one subfamily (Gyt, Gy2, Gy3) occupy
two distinct domains in the soybean genome. Two
subfamilies of legumin-like proteins are also found in
pea (Domoney and Casey , 1985) and the bean Vicia
faba (Baumlein et a/. t986). The 7S soybean
proteins (B-conglycinin) are coded by two distinct
genes with at least t5 members clustered in six
regions in the soybean genome (Harada eta/. 1989).
Similarly, the 7S kidney bean proteins (phaseolin)
which are the major storage proteins in Phaseolus
vulgaris are encoded by two unique gene families
made up of 7-9 members . (Talbot eta/. 1984;
Slightom eta/. 1985).
The prolamin (zein) family in maize is coded by 3
to 10 genes for each family and since there may be
10 families, there could be as many as 30-100 zein
genes in maize (Wienand and Feix, 1980; Hagen
and Rubinstein , t981; Burr eta/. 1982; Pedersen et
a/. t982; Vietti eta/. t982). The prolamin genes

Table t : Utilization Problems in Legumes and Their
Possible Causes
Causes

Problems
Anti-nutritional factors

trypsin inhibitors,
hemagglutinins, phytic
acid. amylase inhibitors,
etc.

Sulfur deficiency

limiting amounts of
methionine and cysteine

Low bioavailability of

nature of protein, largely

some essential amino

unknown

acids, particularly
methionine

Low protein digestibility

anti-nutritional factors,

polyphenols , Maillard
reactions during

processing , nature of
proteins , (low digestibility
of native protein),
unknown factors

characterized to date do not contain introns, unlike

other plant genes (Kreis eta/. t985). Glutelin , the
major rice protein is encoded by a small multigene
family (Takaiwa et a/. t987a). In contrast with the
maize prolamin genes, the rice glutelin gene has 3
introns (Takaiwa eta/. t987b).
The genes for the 7S proteins from different
species of legumes show remarkable homologies,
suggesting a common ancestor (Casey eta/. 1986).
Likewise, the genes coding for the 11 S proteins from
different species have strong homologies (Casey et
a/. 1986; Nielsen et a/. 1989). The rice glutelin
precursor sequence also shows homologies with
leguminous 11 S proteins (Takaiwa eta/. 1986). The
5'-flanking region of rice glutelin gene contains a
sequence similar to the legumin box (Gatehouse et
a/. 1986; Takaiwa eta/. 1987b). Comparison of gene
sequences not only suggests common evolutionary
origins but reveals sequences that may be useful in
genetic engineering such as putative seed-specific
promoters , quantitative-control sequences and
variable protein sequences where gene
modifications can conceivably be made without
adversely affecting seed biology.
The number and complexity of seed storage
protein genes present a problem if mutations are to
be made to modify the amino acid composition of the
proteins they code for. Ideally, the most strongly

Flatulence

raffinose
oligosaccharides, dietary
fiber(?), undigestible
starch(?)

Undesirable "beany
flavor"

lipid peroxidation ,
lipoxygenases

Hard-to-cook
phenomenon

unknown

expressed gene would be modified to bring abouta
significant change in the overall . am ~no ac1d
composition of the seed. However, 1t IS poss1ble to
enhance seed specific expression significantly by
inserting a seed specific DNA sequence into a strong
constitutive promoter such as cauliflower mosa1c
virus (CaMV)35S promoter (Chen eta/. 1988).
The d ifferential expressi on of seed p r otein
genes Is controlled temporally during seed
development and spatially w ith in the p lant
and within the seed .
Using RN A blotting and hybridization with
labelled eDNA, detailed analysis of seed mRNAs
have been carried out during legume seed
development. In general, each mANA shows a
characteristic period during which it increases and
then declines although all the seed mANA overlap
and are maximal at some stage within the period of
rapid protein accumulation (Goldberg eta/. 1981;
Higgins, 1984; Gatehouse et a/. 1986). In addition,
the seed mRNAs are either nondetectable or present
at levels several orders of magnitude lower in mature
plant organs (Goldberg et a/. 1981; Walling et a/.
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Expression of seed protein genes in transgenic
tobacco and petunia plants has revea led DNA
sequences that control seed specific expression
(Chen eta/. 1966, 1966; Okamura eta/. 1966; Bray et
a/. 1967; Barker et a/. 1966; Goldberg eta/. 1969).
Only 159 nucleotides contiguous to the transcription
initiation site are needed for a low level (5% of
maximum) expression of the et-subunit of Bconglycinin gene in transgenic petunia plants (Chen
eta/. t 966). An additional 96 nucleotides increased
the expression to maximum, equal to that of the
complete gene. Analysis of the enhancing sequence
of t27 nucleotides (-t3t to -257) 5' to the gene
revealed 4 repeats of a 6-base-pair (G+C)-rich
sequence (AG(A,C]CCCA) , suggesting the critical
role of the (G+C)-rich repeats in determining the level
of expression of the B-conglycinin gene (Chen et a/.
t 966). Interestingly , insertion of a longer version of
this sequence (-76 to -257) into either the 5' and 3'
ends of a constitutive promoter (CaMV 35S
promoter) conferred seed-specific enhancement of
25- to 40-fold (Chen et a/. 1966) in a position
independent manner. This demonstrates that it is
possible to enhance the expression of a weakly
expressed seed protein gene significantly by
inserting key DNA sequences in its 5'-flanking region
into a CaMV 35S promoter. Significant increases in
the expression of foreign genes in plants in a nontissue specific manner has also been achieved by
duplicating th e CaMV 35S promoter in tandem (Kay
eta/. 1967).
DNA binding proteins that interact with seed
protein gene regulatory regions have been
identified in plants.
A model proposed to explain differential
expression of seed protein genes during seed
development is that each gene has cis-control
elements that interact with cellular factors (transelements) to activate transcription (Goldberg , 1966).
These transacting factors may be coded by
regulatory genes. In higher organisms , sequencespecific DNA binding proteins are directly involved in
the regulation of mANA transcription initiation (Dynan
and Tjian. 1965; Kadonaga et a/. 1966). A DNAbinding protein that interacts with the 5'-flanking
region of the soybean lectin gene and that of 2 other
seed protein genes has been identified (Jofuku eta/.
1967; Goldberg et a/. 1969). The DNA binding

t986) . Within the organ system of the seed ,
differential expression of seed protein genes is
further observed. For instance, lectin mANA is
present at lower concentration in the embryonic axis
than in the cotyledon (Walling et a/. t986). In situ
hybridization with labelled antisense mANA reveals
a finer deg ree of differential expression in that seed
mRNAs are localized within specific cells in the
cotyledon and axis but not in the seed coat (Barker er
a/. t988).
That seed protein gene expression is controlled
by transcriptional and posttranscriptional processes
is concluded from comparing accumulation of mANA
and rates of transcription. Transcription rates are
obtained by in vitro synthesis of RNA from isolated
nuclei and mANA accumulation by RNA dot blots
(Evans eta/. t984 ; Beach eta/. t985; Chappell and
Chrispeels, t986 ; Gate house eta/. t966 ; Walling et
a/. t966) . Features of transcription rates that support
transcriptional control include observations that
fluctuations in transcription rates parallel the
accumulation and decay of mANA and that
transcription rates are much lower or absent in plants
where mANA levels are very low or absent.
The evidence that posttranscriptional processes
play a role in controlling gene expression is based
on the general observation that relative rates of
transcription do not reflect the relative accumulation
of mANA (Beach et a/. t965; Boston et al. t966;
Chappell and Chrispeels, t966; Walling eta/. t986).
For example, 22 kD zein genes are transcribed at
about twice the rate of t9 kD zein genes yet the
relative amount of t9 kD mANA is almost three times
the 22 kD transcript (Boston et a/. t966) .
Mechanisms of posttranscriptional control are not
known but efficiency of transport of mANA through
the nuclear membrane and stability of mANA in the
cytoplasm have been suggested (Goldberg er at.
t969) .
DNA sequences that control seed-specific
and quantitative expression have been
identified In seed protein genes.
These DNA regions are being determined
experimentally by analyzing the expression of seed
protein genes in transgenic plants and conceptually
by comparing seed protein gene sequences and
identifying common, conserved sequences.
A
conserved region of 26 bases (approximately 50%
G+C) in legumin genes is present in pea, soybean
and Vicia faba and is now called the "legumin box"
(Gatehouse er a/. t966) . A similar "vicilin box" of

protein activity increases and decreases during seed

development, parallels th e transcription rate and is
associated with a 60 kD protein (Jofuku eta/. 1967).

conserved sequences in vicilin gene family is found

A similar DNA binding protein has been identified in

in pea, Vicia faba and Phaseo/us vulgaris
(Gatehouse et a/. t966). The "vicilin box" is not
homologous to the "legumin box" and is probably an
example of a regulatory sequence specific to a gene
family.
A consensus sequence of 5'
T(A ,C)AACACA(A,C)T(A,C) 3' is proposed as a
candidate seed speci fic cis-control element because
it is found in the 5' reg ions of 5 soybean seed
proteins (Goldberg , t966). A "universal seed specific
DNA sequence" remains to be identified and tested
by mutations and functional analysis in transgenic
plants.

corn endosperm and interacts with the 15 bp DNA
sequence found in the 5' region of all zein genes
The
sequenced so far (Maier et a/. 1987).
physiological significance of these DNA binding
proteins remain s to be established . Regulatory
regions in other plant genes have been shown to
interact with nuclear proteins (Allen et a/. 1969;
Bustos eta/. 1989 ; Jordana et a/t989 ; Riggs eta/.
t989).
In maize , the Opaque-2 gene that regulates zein
deposition has been cloned (Schmidt et a/. t967;
Motto et a/. t986). The Opaque-2 gene encodes a
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protein.
Firstly, exce pt in methionine
supplementation of soy protein isolate-based infant
formul as, little practical use of supplementation of
human diets has been made, although animal feed is
successfully supplemented with free methionine. In
supplemented foods and feeds, leaching of free

protein containing domains similar to th e "leucine

zipper" motif identified in DNA binding proteins of
animal protooncogen s and transcriptional activators

(Hartings et al. 1989; Schmidt et al. 1990).
The CaMV 35S promoter is the most widely used
promoter in plant biotechnology because it confers
high expression on heterologous genes in plants.
Recent studies on molecular dissection of the the
35S promoter indicate that transcriptional regulation
can not be explained by a simple model in which
regulation is controlled by the mere absence or
presence of transacting factors.

methionine during processi ng leads to losses and

subsequent bacterial fermentation resulting in
objectionable odors and flavors . Acceptability is
perhaps the biggest problem in supplementation of
human diets with crystalline methionine . Addition of
minute amounts of methionine to the diets of nontechnical, village societies may also be a problem.
Secondly, a large number of people who are
dependent on root crops as their main sources of
energy will benefit from high protein quality legumes
because the protein content of root crops is
extremely low and the ir amino acid profile is not
complementary with that of legumes. For instance,
cassava, a major root crop, is the basic food for 200400 million inhabitants of the tropics (Odigboh,
1983). Finally , the nutritionally complete protein of a
genetically engineered bean could be added to the
list of advantages of legumes as food such as "no
cholesterol," dietary fiber source, possible ben eficial
effects of plant proteins on blood lipid status
(Bodwell , 1987), and the capability of legumes to
produce the greatest amount of protein per unit of
land (Butz, 1974). These characteristics could be
used as marketing attributes to encourage more
people to eat legumes as sources of protein.
The economic implications of modifying traits of
soybean as the major source of protein in animal
feed have been analyzed (Iowa State University,
1990). Increasing by 1% the protein content, lysine
content and methionine content would lead to
improved animal nutrition and additional values of
12, 49, and 21 cents per bushel respectively. Based
on an annual soybean production of 1750 M
bushels, these are calculated to bring about
additional total values of $204 M, $851 M and $375

Instead, what is

emerging is that regulation of tran scription leading to
different patterns of expression is mediated by
combinations of a limited number of cis regulatory
elements and transacting factors (Benfey and Chua,
t 990). Thus, the CaMV 35S promoter is now known
to be made up of six subdomains within a stretch of
approximately 300 base pairs (bp) upstream of the
minimal TATA promoter (-343 to -46 from tran sciption
initiation site). Specific combinations of these
subdomains confer tissue- and cell-specific
expression that are not detected from isolated
subdomains. Furthermore, these combinatorial
codes of cis regulatory elements could be interpreted
differently in different plant species, as evidenced by
different expression patterns in petunia and tobacco

conferred by specific combinations of 35S
su bdomains . In term s of genetic engineering
applications, these findings suggest the use of
speci fic combinations of promoter subdomains to
confer highly specific and localized expression of
desirable genes (or anti-sense genes) in target cells
or tissues in the plant .

The Problem of Incomplete Protein
Is There a Need to Genetically Engineer
Legumes
for
Improved
Nutritional
Properties?
Since the prote in contents of legumes are
already high, improving the protein quality is the
more useful and cost-productive goal. Why is there a
need for a nutritionally balanced protein in legumes

and methionine .
Similarly, reducing the
oligosaccharides in soybean used for animal feed

when supplementation and complementation work?

and human food would improve nutrition and reduce

In practice , legumes are eaten with other foods .
The overall protein quality of cereal-legume mixtures
is better than that of either protein sou rce alone due
to the complementary nature of their amino acid
profiles. Cereals are low in lysine and relatively high
in methionine and cysteine while legumes are high

flatulence and add $6/bushel to the soybean crop for
food products , 10 cents/bushel for swine feed, 12
cents/bushel for poultry feed and 5.8 cents/bushel for
all livestock, giving a total additional value of
$108.25 M per year.
There are reports emphasizing that protein from

M respectively for a 1% increase in protein, lysine

in lysine and low in methionine and cysteine.

plant sources meets the amino acid requirements of

Supplementation of legumes with crystalline amino
acids improves their value to suppo rt growth of
animals and increases the efficiency of utilization of
dietary protein (Bressani and Elias, 1968). Clinical
studies with human beings have demonstrated the
effectiveness of supplementation of human diets
(Bresanni, 1975).
Methionine is used as a
supplement in the formulations of pouftry and swine
rations of the highly competitive feed industry where
soybean is the main protein source (Abbott, 1966).
Several arguments can be given for a
genetically engineered legume with complete

adults and that protein from some plant sources
meets those of young children (Bodwell, 1987).
However, recent reassessment of the requirements
for essential amino acids in healthy adults led to the
conclusion that the requirements for lysine, leucine ,
valine and threonine are likely to be 2-3 times higher
than those reported in the 1985 WHO/FAO/UNU
report (FAO/WHO/UNU, 1985; National Research
Council, 1988).
Genetic
Engineering
Enhancement of
Methionine Contents in Legumes
Modification of seed proteins, if it is to be
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microorganisms before transformation into plants. To
determine the effects of amino acid modification on

considered a success , must not have any adverse

effect on seed development and germination .
Several approaches are possible to increase the
level of methionine, the limiting essential amino acid
in legumes. The experiments summarized in Table 2
represent these strategies.
One strategy is to introduce methionine residues
or methionine-rich peptides into non-conserved, and
presumably non-critical regions of storage proteins.
A methionine-e nriched G-phaseolin gene driven by
its own promoter , when transformed into tobacco did
not accumulate in the transgenic seeds, due to
degradation (Hofman eta/. 1988). Availability of a 3dimensional structure of phaseolin at 3A resolution
revealed that the insertion of the synthetic DNA rich
in methionine codons was internal to a helix structure
which could have disrupted the protein structure and
led to degradation (Lawrence et at. 1990) .
Transformation of the Arabidopsis 2S albumin 1
(AT2St) gene enriched with methionine codons into
Arabidopsis thaliana resulted in accumulation of
modified protein at a level of 1-2% of total protein )
(De Clercq et at. 1990). This level of expression was
not high enough to bring about an increase in seed
methionine for accurate determination .
Another strategy is to transfer genes coding for
methionine-rich proteins (MRP) from other species,
i.e. heterologous genes (Aitenbach and Simpson,
1990). Complementary DNA (eDNA) clones for
MRPs from Brazil nut (Aitenbach et at. 1987) and
sunflower seed (Lilley et at. 1989) have been
isolated and sequenced. The Brazil nut MRP gene
fused to a G-phaseolin promoter, when transformed
into tobacco, resulted in the MRP making up 8% of
the total protein of the seed and increases in
methionine of up to 30% in the seeds of transgenic
plants (Aitenbach et al. 1989). Ligation of the Brazil
nut MRP gene to a soybean lectin gene promoter
and transformation into Brassica napus led to very
low accumulation of the MRP in the seed (0.02 to
0 .06 % of total protein, Guerche et at. 1990) .
Similarly small accumulations of Brazil nut MRP in
the seeds of tobacco, Arabidopsis thaliana and
Brassica napus occurred when the MRP gene was
driven by an Arabidopsis thaliana 2S albumin gene
(AT2S1) promoter (De Clercq et at. 1990). These
levels of expression are too low to cause overall
increases in methionine contents of the seed. These
results, nevertheless, demonstrate the feasibility of
altering the methionine content of plant seeds
through the transformation of heterologous genes
coding for methionine-rich proteins driven by seed
specific plant promoters. However, transformation of
normal and lysine-containing zeins into tobacco , led
to very low levels in transgenic tobacco seeds
(Ohtani et at. 1991 ).
In vivo labeling and
immunoprecipitation demonstrated that the newly
synthesized zein was degraded in the seeds with a
half-life of less than 1 hour. A variation on this theme
is to introduce synthetic genes coding for a protein
with a high level of essential amino acids (Jaynes et
a/. 1986; Yang eta/. 1989).
Another approach is to test the effects of protein
modifications on processing and assembly in

the assembly and the functional properties of
glycinin, Kim et a/. 1990a, 1990b) used E. coli
expression vectors . The A 1aB 1b proglycinin subunit
was enriched with methionine by inserting a
synthetic DNA containing 4 continuous methionine
residues into the variable domains of the coding
regions (Wright, 1988) and ligating into E. coli
expression vectors. Expression in E. coli yields
modified soluble glycinin proteins (analyzed by SDSPAGE) in the the cell that self-assemble at moderate
to high levels depending on the position of the
synthetic DNA insert. The functional properties (heat
induced gelation and emulsifying property) of the
modified glycinins are better than the native proteins.
The amino acid compositions of the modified
glycinins, however, were not determined.
For the reason that increasing the level of
endogenous proteins would be least likely to be
deleterious to the seed, our approach is to increase
the level of endogenou s MRP . We identified
relatively MRP in soybean (Kho and de Lumen,
1988) with a method that we developed for
identifying methionine containing proteins and
quantitating their methionine contents (de Lumen
and Kho, 1987) .
Further resolution using 2dimensional electrophoresis identified a 10.8 kD
protein that has 12.10% methionine for which we are
now cloning eDNA (George and de Lumen, 1991).
The level of this MRP has to be increased about 17fold from its level of 0.6% of the total protein to bring
the overall methionine content of soybean seed to
that of the FAO reference protein (FAO 1957; 1973).
The Flatulence Problem
Raffinose
Ollgosaccharldes (RO)
and
Flatulence.
Flatulence, the excessive accumulation of gas in
the stomach and intestines , is thought to be the
single most important factor that prevents Americans
from eating more beans . Thus , reduction or
elimination of flatulence in bean s could increase
consumption of beans which should be nutritionally
beneficial to the American public.
The fact that beans cause increased flatulence in
humans is well documented. The RO are considered
to be the major components of flatulence factors
(Rackis, 1981; Calloway and Murphy, 1968; Price et
at. 1988) but other components could contribute to
intestinal gas production . Raffinose, stachyose,
verbascose and ajucose make up the full series of
the RO family, which are a - D-galactosides of
sucrose. These oligosaccharides remain undigested
by man and monogastric animals (pigs and poultry)
due to the absence of a-1 ,6-galactosidase in the
intestinal mucosa which is required to hydrolyze the
a -li nked galactose units. Remaining unabsorbed,
these oligosaccharides pass on to the lower
intestinal tract where they are metabolized by
intestinal microflora, leading to the production of
carbon dioxide, hydrogen and methane (Price et at.
1988).
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Table 2: Genetic Engineering Experiments to Increa se Methionine Contents in Seed Proteins

Methionine-rich

Target

ErQm.QJm

protein domain

plant/organism

~

~

B-phaseolin gene

B·phaseolin gene
enriched with

tobacco

tissue - and temporal-specific
expression in seed but
protein was degraded.

Holman et at.
1988

tobacco

tissue- and temporal-specific
expression, 8% of total

Altenbach et at.
1989

methionine-rich

synthetic
oligonucleotide
B-phaseolin gene

Brazil nut
methionine-rich
protein gene .

protein in seed, increase

methionine content of seed
by 30%.
Soybean lectin
gene

Arabidopsis
tha/iana 2S
albumin (AT2S 1)
ge ne.

Brazil nut
methionine-rich
protein gene .

Brassica napus

tissue- and temporal-specific
expression, 0.02 to 0.06% of
total protein in seed.

Guerche et at.
1990

methionine

Bras sica
napus,
Arabidopsis
thaliana,
tobacco

1 to 2% of total protein in
Arabidopsis seed.

De Clercq et at.
1990

Brassica
napus,
Arabidopsis
thaliana,

0.05%, 0.1% and 0.3% of
total protein in seed of
tobacco, Arabidopsis and
Brassica respectively

De Clercq et at.
1990

zero to high level expression
depending on location of
insert ; gelation and
emulsifying properties of
expressed protein better

Kim et at. 1990b

enrichment
in non-con served

region
of AT 2S1 gene.
Brazil nut
methionine-rich
protein gene.

tobacco
trc promoter in
expression vector

A 1.B 1" proglycinin
subunit with

PKK 233-2

methionine-rich
insert in variable
domain

E. coli JM 105

than native glycinin.

are second only to sucrose in abundance in legume
seeds (Dey, 1985). The primary role of RO is thought
to be as reserve carbohydrates for short and long
term purposes and for transport (Chatterton et at.
1990; Dini et at. 1989). In Cucurbitaceae, RO are
synthesized in the leaves for transport to sink organs
In Phaseolus
(Schmitz and Ho lthaus, 1986).
vulgaris, RO are formed de novo in the developing
seeds and are broken down very rapid ly during
germination (Kand ler and Hopi, 1980).
They
accumulate at the late stage of seed maturation as
the seed desiccates towards dormancy and have
been proposed to play roles in response of plants to
cold and in seed desiccation (Ovcharov and
Koshelev, 1974; Kandler and Hopi, 1980; Saravitz et

The remaining controversy on the major role of
RO in causing flatulence hinges on the methods
used to measure flatus production. The origin of
hydrogen and carbon dioxide in flatus seems to
differ. The present conclusion is that while the
hydrogen component of flatus comes mainly from the
RO the source of the carbon dioxide remains to be
identified. Also , there is evidence that hemicellulose
and undigested starch in beans contribute partly to
flatulence (EI Faki eta/. 1983).
Biological
Roles
of
Raffinose
Oligosaccharides in Plants.
A clear understanding of th e biological roles ol
RO in various organs of the plants is needed before
the level of RO is manipulated in the seed. The RO
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a/1987).
The RO are the primary low MW cryoprotectants
in plants (Parker, 1962), together with sucrose and
sorbitol (Levitt , 1980). The increase in low MW
carbohydrates with an accompanying decrease in
starch is a well known phenomenon in plants during
winter and has been assumed to have a causal
relationship (Kandler and Hopi , 1980) .
The
accumulation of RO, along with sucrose, in leaves is
known to provide frost -hardiness to winter-hardy
plants (Dey, 1985) . Although sucrose is the most

sugars and organic acids tested , raffinose and
stachyose are the most effective in preventing
sucrose crystallization (Smythe , 1967).
Desiccation, whether induced artificially by
removal of water or by the natural drying process in
late stage seed development has many things in
common with cold acclimation. Both are induced by
abscisic acid (ABA) (Chen et a/. 1979, 1983a,
1983b), ABA accumulates during desiccation and
cold acclimation (Chen eta/. 1983a; Wright, 1977)
(see also next section), and desiccation rapidly

common sugar to be accumulated during cold

induces freezing tolerance (Siminovitch and Cloutier,

acclimation, the RO are additional and dominating
components in many plants. For instance, in
photosynthesis studies using 14CQ2 in Picea excelsa.
the pool size and rate of synthesis of raffinose is 50times higher in winter than in summer, while that of
sucrose is only 2-fold higher (Kandler and Hopi,
1980). High concentrations of sucrose and raffinose
are found in frost-hardy cabbage leaves while only
small amounts of these sugars are found in
dehardened leaves.
Raffinose increa ses
significantly in Chlorel/a vulgaris upon chilling shock
(Salerno and Pontis, t989). In vitro studies show that
thylakoid membranes are protected from freezing
damage by raffinose, sucrose and glucose , with
raffinose being the most effective on a molar basis.
Photoperiod and temperature affect co ld
acclimation and RO synthesis in a tightly coupled
manner, suggesting strongly a causal relationship
(Kandler and Hopi, 1980). When Picea excelsa trees
are kept in different photoperiods under normal
outdoor conditons, RO synthesis and cold
acclimation occur much earlier in short day (9 hr)
trees but significantly later in long day trees. Short
day conditions induced RO synthesis and frost

1982) . This is not totally unexpected because
desiccation and freezing have the common feature of
removing water from the cell. The protective effects
of sugars on membrane structures during low
temperature and desiccation may be explained by a
common mechanism : polyhydroxy compounds can
replace water in stabilizing membranes in the dry
state (Senaratna and McKersie, 1983).
Galactinol synthase (GS) is considered to be the
key enzyme in the biosynthesis of RO , since it is the
first enzyme to commit sucrose to biosynthesis of RO
and is therefore a key metabolic control point in
carbon partititioning between sucrose and RO. In
support of this hypothesis, GS activities in leaves of
20 species of plants showed a positive correlation
with RO levels and a negative correlation with
sucrose levels (Handley eta/. 1983). In addition, GS
activities in leave s of Cucumis sativus at different

stages of leaf development are positively correlated
with RO levels and negatively correlated with
sucrose (Pharr and Sox, 1984).
Consistent with the role of RO in cold
acclimation, we demonstrated that GS activities
increase 3- to 4-fold in the leaves and seeds of
kidney bean and soybean when plants are exposed
to 4oC, (Castillo eta/. 1990). We also showed that
the activity of GS in the needles of a member of the
pine tree family , P. pinea. increases 2-fold when the
plant is exposed to 4oC. Affer 3 hr of reexposure to
room temperature , the GS activity returns to initial

resistance even when the trees are exposed to a

constant 2Q oC.
Neither RO synthesis or frost
resistance are observed at the same temperature
under long day conditions . In short, the fact that
different combinations of photoperiod and
temperature synchronously control RO synthesis and
cold acclimation suggest a causal relation ship and
that the accumulation of low MW sugars, including
RO, could play an important role in cold adaptation.
Consistent with their proposed protective role
during desiccation, the RO begin to accumulate at
the late stage of legume seed development as the
seed loses water (Dey, 1985; Saravitz eta/. 1987).
Sucrose and RO are consistently present in the
desiccation tolerant stage of seeds and the
desiccation tolerance is lost when the RO di sappear,
even when sucrose is present (Koster and Leopold ,
1988). In a study of germinability of corn seeds affer
storage, those with 96% germinability contain both
sucrose and raffinose, those with 12% germinability
contain sucrose only, and those that do not
germinate

have

neither sucrose

room temperature values.

Biosynthesis of Raffinose Oligosaccharides
in Plants
The pathway for the biosynthesis of RO is known
(Dey, 1985) and shown below.
UDP-galactose + myoinositol ""galactinol + UDP
galactinol + sucrose "" raffinose + myoinositol
galactinol + raffinose ""stachyose + myoinositol
galactinol + stachyose <=> verbascose + myoinositol
The initial reaction catalyzed by galactinol synthase
produces galactinol from UDP-galactose and
myoinositol. Subsequently, galactinol is used to add
galactosyl residues to sucrose, raffinose, stachyose
and verbascose to form the corresponding higher
homologue. Each of the steps alter the galactinol
synthesis is catalyzed by specific synthases .
The participation of UDP-galactose as a direct
donor of galactose in raffinose biosynthesis was
reported in crude enzyme preparations lrom faba
bean and soybean (Gomyo and Nakamura, 1966).

nor raffinose

(Ovcharov and Koshelev, 1974). It is suggested that
sucrose is the principal agent orae-siccation , with RO
serving to keep the sucrose from crystallizing
(Leopold and Vertucci , 1986). Th is mechanism is
consistent with the observation that among many
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This pathway was disputed because crude enzyme
preparations were used and the resu~s could not be
reproduced (Lehle and Tanner, 1973). We also
confirmed that HPLC fractions of kidney bean
extracts show no such activity.
The wide occurrence of galactinol in plant
organs that have RO provides a good argument for
its role as the galactosyl donor in RO biosynthesis.
Photosynthetic studies using ••C0 2 have shown that
the labeling of galactinol is much faster and the pool
size becomes rapidly enriched, compared with those
of RO but upon cha sing with unlabeled C0 2 , the
radioactivity in galactinol decreased, while those of
RO increased (Kandler and Hopf , 1980) .
Furthermore, during the early stages of
photosynthesis , there is more enrichment in
galactose moieties of the RO than in the sucrose part
of the molecules. All th ese suggest that (a) there is a
rapid turnover of galactinol pool and (b) the
synthesized galactinol is being used for the synthesis
of RO. There is no other known function of galactinol
in plants. The galactinol route for the biosynthesis of
RO in plants is now well accepted (Dey, 1985).
Blocking the expression of GS gene for the
production of galactinol in the seed by antisense
techniques presents a molecular strategy to
decrease RO and reduce flatulence in legumes.
Mutant phenotypes have been generated in plants
by anti-sense RNA techniques (van der Krol et a/.
1988; Mol et a/. 1990). Anti -se nse RNA has been

not itself transferred. Molecular analysis of the Ti
plasmid revealed that the T-DNA and the vir region
do not have to be in the same piece of DNA (Fraley
et a/. 1986), leading to the design of intermediate
vectors that can be multiplied in E. coli and
manipulated before introduction into Agrobacterium
cells and infection of plants. A typical vector contains
the border sequences that define the limits of the
DNA transferred to the plant, a plant selectable
marker such as kanamycin resistance, an origin of
replication that allows multiplication
in
Agrobacterium, another origin of replication for E. coli
and an E. coli selectable marker such as
spectinomycin resistance (Gasser and Fraley, 1989).
The piece of DNA transferred to the plants bounded
by the border sequences contains the foreign gene
and the selectable marker. The intermediate vector
is introduced into Agrobacterium cells containing the
plasmid with the vir region and inactivated
pathogenesis genes (disarmed Ti) . Upon infection of
the host, the vir DNA acts in trans to mobilize the
transfer of the DNA within the border sequences and
the phenotype conferred by the kanamycin
resistance gene is used to screen transformed cells
during plant regeneration . The most commonly used
infection procedure is by exposure of leaf discs to
Agrobacterium cells (Horsch eta/. 1985).
An important limitation of Agrobacteriummediated gene transfer is that the major cereals and
legumes crops have not been succe ssfully
transformed because they a re poor hosts and
because of the inability to regenerate whole plants
from leaf discs. Recent efforts to deliver DNA directly
into the genome of the se plants have been reported.
Such techniques include facilitated uptake of DNA by
protoplasts (Fromm et a/. 1986 ; Uchimiya et a/.
1989), DNA application into reproductive organs (de
Ia Pena et a/. 1987; Luo and Wu , 1988),
microinjection into cells of immature embryos
(Neuhaus eta/. 1987) and rehydration of dessicated
embryos (Topfer eta/. t 989) . Of practical value is the
stable transformation of soybean by DNA-coated
gold particles introduced into meri stems by electric
discharge acceleration (McCabe et a/. 1988;
Christou et a/. 1989). The introduced genes are
inherited in a Mendelian manner and stable for up to
six generations (Christou eta/ 1989; 1990). The
transformation of embryogenic maize cells using
microprojectile bombardment and regeneration of
fert ile transgenic plants is the first report of stable
transformation in maize (Gordon-Kamm eta/. 1990).

used successfully to inhibit the expression of certain

key enzymes such as polygalacturonase (Sheehy et
a/. 1988; Smith eta/. 1988) , chalcone synthase (van
der Krol et a/. 1988) , and granule-bound starch
synthase (Visser eta/. 1991 ). For instance , complete
inhibition of granule-bound starch synthase gave rise
to potato tubers containing amylose-free starch
(Visser eta/. 1991 ).

Transformation Techniques
A key to any genetic engineering strategy
requires introducing the desirable gene or set of
genes into the genome of the target plant. Very rapid
progress has been achieved in this area in the last
four years and the reader is referred to several
reviews on plant transformation systems for detailed
discussion (Fraley eta/. 1986; Cocking and Davey ,
1987; Klee eta/. 1987; Schell, 1987; Gobel and Lorz,
1988; Weising eta/. 1988; Gasser and Fraley, 1989;
Uchimiya eta/. 1989; Potrykus , 1990).
Currently used gene transfer techniques in
plants can be broadly classified into one group that
uses a delivery vehicle for DNA transfer and another
that involves the direct transfer of DNA. The most
commonly used vector is Agrobacterium tumefaciens
which causes tumorous crown galls on infected
species. The virulence of Agrobacterium is due to
tumor inducing (Ti) plasmids which contain two
regions necessary for the transfer and integration of
the bacterial genes : a transferred DNA (T-DNA)
domain that is transferred to the plant and a virulence
(Vir) domain that catalyzes the transfer but which is

Of interest also, is the regeneration of fertil e rice

plants from transformed protoplasts (Shimamoto et
a/. 1989), since easy and reproducible production of
transgenic cereals has not been reported previously.

Summary
In summary , rapid development s in our
knowledge of plant gene structure and organization
and their regulation bring us closer to aciual
applications of genetic engineering to improve the
nutritional and functional properties of legumes, and
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Ben fey PN, Chua NH (1990) The cau liflower
mosaic virus 35S promoter: combinatorial regulation
of transcription in plants. Science 2.50.: 959-966.
Bodwell, CE (1987) Nutritional implications of
cereals, legumes and their products. In : Cereals
and Legumes in the Food Supply, Dupont J and
Osman EM (eds) Iowa State Univ Press, Ames, lA,
259-275.
Boston RS , Kodrzycki R, Larkins BA (1986)
Transcriptional and posttranscriptional regulation of
maize zein genes. In : Molecular Biology of Seed

plant seeds in general. In principle , phenotypes that
are affected by sing le proteins or by key enzymes of
metabolic pathways should be amenable to
molecular tech niques .
Recent experiments
demonstrate the feasibility of altering methionine
contents of plant seeds through the use of
methionine-rich or methionine-enriched protein
genes driven by seed speci fic promoters . Such
techniques can also be used to modify lysine,
tryptophan and threonine contents in cereals and
other legumes .
Improving the digestibility of proteins and starch,
altering fatty acid composition, and minimizing
formation of undesirable flavors and aroma will have
to be long-term objectives because of the limited
knowledge we have of the molecular biology of
carbohydrate and lipid metabolism in the developing
seed. With the rapid progress being made in gene
cloning and transformation methodologies in plants,
our knowledge of basic plant metabolic processes
could be the limiting factor in applying genetic
engineering to improve the usefulness of legumes
and other plant seeds as food sources. Any genetic
changes must have no adverse effects on normal
seed biology.
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